ABSTRACT Using quantitative polymerase chain reaction (QPCR), the relative transcriptional levels of cytochrome c oxidase subunit 3 (CO3) were studied in Aedes aegypti in response to treatment with acetone, permethrin, and Þpronil. The transcriptional levels of CO3 were signiÞcantly (P Ͻ 0.05) higher in acetone-treated Ae. aegypti compared with that in untreated samples. Using ribosomal L24, heat shock protein (HSP), and actin as reference genes, relative transcription levels of CO3 in acetone-treated Ae. aegypti were 2.88 Ϯ 0.38-, 2.60 Ϯ 0.60-, and 3.24 Ϯ 0.70-fold higher, respectively, compared with that in untreated mosquitoes. Transcriptional levels of CO3 were induced signiÞcantly higher (6.54 Ϯ 1.22-, 4.62 Ϯ 0.74-, and 9.47 Ϯ 3.71-fold, respectively) by permethrin at LD 10 compared with acetone (P Ͻ 0.05). Taken together, our results suggest that overexpression of CO3 is tightly regulated in Ae. aegypti in response to xenobiotic treatment.
Aedes aegypti L. (Diptera: Culicidae) transmits viral pathogens of humans, including yellow fever (Gillett and Ross 1955, Aitken et al. 1977 ) and dengue (Mattingly 1967 , Degallier et al. 1988 , both of which can cause severe human morbidity and mortality. Although there is a safe and effective vaccine for the yellow fever virus, epidemic transmission still occurs in Africa, with sporadic cases in South America (Vasconcelos et al. 2001; de Filippis et al. 2002; Valero 2003; Onyango et al. 2004a, b) . Dengue is the most important arboviral disease in the world and can cause an undifferentiated fever, dengue fever, dengue hemorrhagic fever, or dengue shock syndrome (Malavige et al. 2004) . Annually, dengue epidemics account for several million cases and thousands of deaths worldwide (Teixeira Mda et al. 2005) .
Mosquito control in many countries relies primarily on insecticides and pyrethroid insecticides have been widely used because of their high effectiveness and low mammalian toxicity. However, frequent use of pyrethroids such as permethrin has resulted in resistance development in Þeld populations (Yaicharoen et al. 2005 , Cui et al. 2006 , Flores et al. 2006 , Jirakanjanakit et al. 2007 ). Furthermore, mosquitoes seem to develop resistance to permethrin at a faster rate than to malathion or temephos (Hamdan et al. 2005) . Therefore, there is an urgent need to develop insecticides with novel modes of action and/or understand the molecular mechanisms involved in pyrethroid resistance to facilitate resistance management in the Þeld. Extensive research studies have been conducted on the molecular basis of pyrethroid resistance. Different resistance mechanisms, such as decreased target site sensitivity (Brengues et al. 2003) and increased metabolic detoxiÞcation (Kumar et al. 1991 , Lumjuan et al. 2005 , Rodriguez et al. 2005 , have been identiÞed in pyrethroid resistant populations of Ae. aegypti. However, only limited research has been aimed at elucidating the molecular responses of mosquitoes to short-term exposure of pyrethroid and yet this could provide important information on the initial steps in the process of resistance development.
Cytochrome c oxidase or Complex IV is a large transmembrane protein complex found in the mitochondrion. As the last key enzyme in the respiratory electron transport chain of mitochondria, cytochrome c oxidase plays an imporatnt role in ATP generation by oxidative phosphorylation. In eukaryotes, three subunits (IÐIII) of cytochrome c oxidase are encoded by the mitochondrial DNA, forming the functional catalytic core of the enzyme (Wikstrom and Casey 1985) . The function of cytochrome c oxidase is a key oxidative enzyme for neuronal oxidative capacity and, indirectly, for neuronal activity (Wong-Riley et al. 1998) . Functional reduction in Na ϩ K ϩ ATPase (the sodium pump) capacity caused by the reduced level of cytochrome c oxidase activity is the important factor responsible for graded neuronal depolarization (or hyperexcitability) and neuronal death in the mammalian brain (Wong-Riley et al. 1998) . Overexpression of The use of trade, Þrm, or corporate names in this publication is for the information and convenience of the reader. Such use does not constitute an ofÞcial endorsement or approval by the U.S. Department of Agriculture or the Agricultural Research Service of any product or service to the exclusion of others that may be suitable.the cytochrome c oxidase subunit I gene has been linked to pyrethroid resistance in German cockroach (Pridgeon and Liu 2003) . Overexpression of cytochrome c oxidase subunit I has also been reported to be involved in resistance of Schistosoma mansoni to praziquantel, a drug for the control of schistosomiasis (Pereira et al. 1998) . Overexpression of cytochrome c oxidase subunit II is also involved in the development of resistance of Chinese hamster ovary cells to methotrexate, a widely used drug in cancer chemotherapy (Alemany et al. 2000) . Furthermore, inhibition of cytochrome c oxidase by mitochondrial antisense RNA induces cell death in human cell lines (Shirafuji et al. 1997) . Recently, a cytochrome c oxidase subunit III (CO3) was identiÞed to be speciÞcally induced by sublethal dose of permethrin but not by sublethal dose of Þpronil at 6 h after treatment (Pridgeon et al. 2009 ). However, it is not clear whether the induction of CO3 expression level was time dependent and/or dose dependant to permethrin and Þpronil treatment. Therefore, the aim of this study is to understand the gene regulation of CO3 in depth in response to lethal doses (LD 10 and LD 50 ) of permethrin and Þpronil.
Materials and Methods

Aedes aegypti
Mosquito. The Orlando strain of Ae. aegypti was reared in the insectary of the Mosquito and Fly Research Unit at Center for Medical, Agricultural, and Veterinary Entomology(CMAVE), USDAÐARS. The Orlando strain of Ae. aegypti has been established in CMAVE since 1952. Female adults were used for all experiments because only females take bloodmeals and are the major concern of the general public. Eggs were hatched by placing a square of a paper towel with eggs in a ßask Þlled with 1,000 ml of distilled water containing 40 mg of larval diet (3:2 brewerÕs yeast:liver powder; MP Biomedicals, Irvine, CA). The hatched larvae were held overnight in the ßask, and 200 larvae were transferred to a 4-liter plastic tray containing 2 liters of distilled water. Larval diet was added to each tray according to the following schedule: day 1, 80 mg; day 3, 40 mg; day 4, 80 mg; day 5, 120 mg; day 6, 150 mg. Mosquitoes were reared in an environmental chamber set with a temperature proÞle representing a simulated summer day regimen (ranging from 22 to 30ЊC) and 80% RH. Incandescent light was set to a crepuscular proÞle with a photoperiod of 14:10 (L:D) h, including 2 h of simulated dawn and 2 h of simulated dusk. Adults were held in a screened cage and provided 10% sucrose ad libitum.
Chemical Treatment of Adult Ae. aegypti. Before insecticide application, 3-to 5-d-old females were brießy anesthetized for 30 s with CO 2 and placed on a 4ЊC chill table (BioQuip Products, Rancho Dominguez, CA). A droplet of 0.5 l of lethal doses (LD 10 , LD 50 , and LD 100 ) of permethrin (2.5 ϫ 10 Ϫ5 , 1.4 ϫ 10
Ϫ4
, and 5.6 ϫ 10 Ϫ4 g per mosquito, respectively) or Þpronil (LD 10 and LD 50 , 7 ϫ 10 Ϫ7 and 1.4 ϫ 10 Ϫ6 g per mosquito, respectively) diluted in acetone was topically applied to the dorsal thorax of female mosquito using a 700 series syringe and a PB 600 repeating dispenser (Hamilton, Reno, NV). After treatment, mosquitoes were kept in plastic cups and supplied with 10% sucrose solution for 0Ð24 h. For the control, a droplet of 0.5 l of acetone was topically applied to the dorsal thorax of female mosquitoes. Temperature and humidity were maintained at 25 Ϯ 2ЊC and 80 Ϯ 8% RH, respectively. For each chemical treatment, 10 female mosquitoes were used in each cup. Adult mosquitoes were stored in Ϫ80ЊC for later RNA isolation. All experiments were repeated three times. Aedes aegypti RNA Extraction and cDNA Synthesis. Ten adults of chemically treated Ae. aegypti 24 h after exposure were used for total RNA extraction. Total RNA was isolated using TRIzol Reagent (Invitrogen, Carlsbad, CA) following the manufacturerÕs protocol. Total RNA was resuspended in diethylene pyrocarbonate-treated water and stored at Ϫ80ЊC. The Þrst-strand cDNAs used for quantitative polymerase chain reaction (QPCR) were synthesized using AMV reverse transcriptase (Invitrogen). Brießy, a 5-g aliquot of total RNA was reverse transcribed in a 20-l reaction volume using the Clone AMV Þrst-strand cDNA Synthesis kit (Invitrogen). The reaction was terminated by heat inactivation at 95ЊC for 5 min. The cDNA samples were diluted with 80 l ddH 2 O and stored at Ϫ20ЊC.
QPCR. QPCR was performed using Platinum SYBR Green qPCR SuperMix-UDG with ROX (Invitrogen) in a volume of 15 l on an Applied Biosystems 7300 Fast Real-Time PCR System (ABI, Foster City, CA). The PCR mixture consisted of 1 l of diluted cDNA, 0.5 l of 5 M gene-speciÞc forward primer, 0.5 l of 5 M gene-speciÞc reverese primer, and 13 l of 1ϫ SYBR Green SuperMix. For each cDNA sample, Ae. aegypti 60S ribosomal protein L24 (GenBank accession no. XM 001659089), heat shock protein (HSP; GenBank accession no. AY432606), and actin (GenBank accession no. DQ440059) primers were included as an internal controls to normalize the variation of cDNA amount. Primers used for the ampliÞcation of the ribosomal L24 gene were L24-F (5Ј-AATGAAGATCGGC-CTTTGC-3Ј) and L24-R (5Ј-AGGACGGTCCACT-TCACC-3Ј). Primers used for the ampliÞcation of the HSP gene were HSP-F (5Ј-GCAAGGACGAAATC-GAAAAC-3Ј) and HSP-R (5Ј-CCTCCATCTTGGAT-TCGG-3Ј). Primers used for the ampliÞcation of actin gene were Actin-F (5Ј-AGGACTCGTACGTCGGT-GAC-3Ј) and Actin-R (5Ј-CGTTCAGTCAG-GATCTTC-3Ј). The PCR thermal cycling parameters were 50ЊC for 2 min and 95ЊC for 10 min, followed by 40 cycles of 95ЊC for 15 s and 60ЊC for 1 min. A dissociation stage was performed at 95ЊC for 15 s, 60ЊC for 30 s, and 95ЊC for 15 s. All QPCRs were replicated three times. The relative transcriptional level of a speciÞc clone/gene was determined by dividing the threshold cycle (C t ) of a sample by that of the actin gene, the calibrator or internal control, as per the formula: ⌬C t ϭ C t (sample) Ϫ C t (calibrator). The transcriptional levels of that speciÞc clone/gene compared with actin was calculated as ⌬C t where ⌬C t ϭ C t (clone) Ϫ C t (actin). The relative expression level of the speciÞc clone/gene in pesticide-treated mosquito compared with that in acetone-treated mosquito was calculated by the formula 2 ⌬⌬Ct where ⌬⌬C t ϭ ⌬C t (pesticide) Ϫ ⌬C t (acetone). Data were analyzed by analysis of variance (ANOVA) using SigmaStat statistical analysis software (Systat Software, San Jose, CA).
Results
Using QPCR, the relative transcriptional levels of CO3 were studied in Ae. aegypti in response to treatment with aceteone. Representative QPCR results of the three replicates are summarized in Table 1 . Among the four genes (L24, HSP, actin, and CO3) studied, CO3 had the lowest C t numbers at each time point (Table 1 ), indicating that CO3 transcripts were more abundant than the other three genes. When ribosomal L24 was used as the reference gene, the highest CO3 transcript level induced by acetone was 2.558-fold compared with that in untreated Ae. aegypti at 6 h after treatment. When HSP was used as the reference gene, the highest CO3 transcript level induced by acetone was two-fold at 8 h after treatment. When actin was used as the reference gene, the highest CO3 transcript level induced by acetone was 2.848-fold at 8 h after treatment. Cycle differences between reference genes and CO3 in acetone-treated samples peaked at 6 h after treatment compared with untreated samples (Fig. 1A) . Results of three replicates showed that the highest transcription levels of CO3 induced by acetone were 2.88 Ϯ 0.38-(L24 as reference), 2.60 Ϯ 0.60-(HSP as reference), and 3.98 Ϯ 1.16-fold (actin as reference), respectively, compared with that in untreated mosquitoes (Fig. 1B) .
Next, we performed time course and QPCR studies on the impact of permethrin at LD 10 on CO3 transcription levels. Representative QPCR results of three replicates are summarized in Table 2 . When ribosomal L24 was used as the reference gene, the highest CO3 transcript level induced by permethrin at LD 10 was 7.808-fold compared with that in acetone-treated Ae. aegypti at 4 h after treatment. When HSP was used as the reference gene, the highest CO3 transcript level induced by permethrin at LD 10 was 3.797-fold at 4 h after treatment. When actin was used as the reference gene, the highest CO3 transcript level induced by permethrin at LD 10 was 11.551-fold at 4 h after treatment. Cycle differences between reference gene and CO3 peaked at 4 h after treatment by permethrin at LD 10 ( Fig. 2A) . Results of three replicates showed that the highest transcription levels of CO3 induced by permethrin at LD 10 were 6.54 Ϯ 1.22-(L24 as reference), 4.62 Ϯ 0.74-fold (HSP as reference), and 9.47 Ϯ 3.71-fold (actin as reference), respectively, compared with that in acetone-treated Ae. aegypti (Fig. 2C) .
To understand whether permethrin at higher lethal dose would induce higher transcription level of CO3, time course and QPCR studies were performed using permethrin at LD 50 . Representative QPCR results of three replicates are summarized in Table 2 . When ribosomal L24 was used as the reference gene, the highest CO3 transcript level induced by permethrin at LD 50 was only four-fold compared with that in acetone-treated Ae. aegypti at 4 h after treatment. When HSP was used as the reference gene, the highest CO3 transcript level induced by permethrin at LD 50 was 3.272-fold at 4 h after treatment. However, when actin was used as the reference gene, the highest CO3 transcript level induced by permethrin at LD 50 was 6.940-fold at 1 h after treatment, followed by 5.677-fold at 4 h after treatement. Cycle differences between reference genes and CO3 peaked at 1, 4, and 8 h after treatments by permethrin at LD 50 (Fig. 2B) . Results of three replicates showed that the highest transcription levels of CO3 induced by permethrin at LD 50 were 4.23 Ϯ 2.10-(L24 as reference), 3.15 Ϯ 1.51-(HSP as reference), and 7.35 Ϯ 1.53-fold (actin as reference), respectively, compared with that in acetone-treated Ae. aegypti (Fig. 2C) . On average, permethrin at LD 10 induced a higher transcriptional level of CO3 than that at LD 50 . However, induced CO3 transcriptional levels were not signiÞcantly different between the two permethrin treatments (Fig. 2C) .
To understand whether CO3 overexpression was speciÞc to permethrin treatment, time course and QPCR studies were performed using Þpronil at LD 10 . Representative QPCR results of the three replicates are summarized in Table 3 . As shown in Table 3 , when ribosomal L24 was used as the reference gene, the highest CO3 transcript level induced by Þpronil at LD 10 was 1.479-fold compared with that in acetonetreated Ae. aegypti at 24 h after treatment. When HSP was used as the reference gene, the highest CO3 transcript level induced by Þpronil at LD 10 was 1.892-fold at 1 h after treatment. When actin was used as the reference gene, the highest CO3 transcript level induced by Þpronil at LD 10 was 1.803-fold at 24 h after treatment. Cycle differences between reference genes and CO3 peaked at 1 and 4 h after treatments by Þpronil at LD 10 (Fig. 3A) . Results of three replicates showed that the highest transcription levels of CO3 induced by Þpronil at LD 10 were 2.32 Ϯ 0.94-(L24 as reference), 1.87 Ϯ 0.16-(HSP as reference), and 2.28 Ϯ 0.89-fold (actin as reference), respectively, compared with that in acetone-treated Ae. aegypti (Fig. 3C) .
To understand whether Þpronil at a higher lethal dose could induce higher transcription level of CO3, time course and QPCR studies were performed using Þpronil at LD 50 . Representative QPCR results of three replicates were summarized in Table 3 . When ribosomal L24 was used as the reference gene, the highest CO3 transcript level induced by Þpronil at LD 50 was only 1.569-fold compared with that in acetone-treated Ae. aegypti at 24 h after treatment. When HSP was used as the reference gene, the highest CO3 transcript level induced by permethrin at LD 50 was 1.866-fold at 24 h after treatment. When actin was used as the reference gene, the highest CO3 transcript level induced by Þpronil at LD 50 was 2.723-fold at 24 h after treatment. Cycle differences between the reference gene and CO3 peaked at 2 h after treatments by Þpronil at LD 50 (Fig. 3B) . Results of three replicates showed that the highest transcription levels of CO3 induced by Þpronil at LD 50 were 2.72 Ϯ 1.40-(L24 as reference), 2.08 Ϯ 0.61-(HSP as reference), and 1.78 Ϯ 0.82-fold (actin as reference), respectively, compared with that in acetone-treated Ae. aegypti (Fig. 3C) . However, induced CO3 transcriptional levels were not signiÞ-cantly different between the two Þpronil treatments (Fig. 3C) .
Discussion
QPCR is a highly sensitive assay for quantifying mRNA abundance. However, there are several complexities built into the assay that can affect data interpretation. Most notably, the selection of an appropriate internal control for normalization is essential for expression data interpretation. In this study, we investigated the suitability of one commonly used gene (actin) and two not as commonly used genes (ribosomal L24 and HSP) as quantitative references for normalizing real-time PCR data. Our results showed that ribosomal L24 was the best reference gene with the most stable CO3 level (i.e., lowest SD; ⌬C t ϭ 2.37 Ϯ 0.56) in untreated Ae. aegypti (Table 1) . HSP was the second best reference gene, with a relative stable CO3 expression level (⌬C t ϭ 6.67 Ϯ 0.72) in untreated Ae. aegypti. However, actin was the worst reference gene, with the least stable CO3 expression level (⌬C t ϭ 5.25 Ϯ 1.12) in untreated Ae. aegypti (Table 1) . Our results point to the importance of selecting the best internal control genes for QPCR for different experimental conditions. QPCR results showed that acetone by itself was able to signiÞcantly induce the transcriptional levels of CO3, regardless of which reference gene was used. Gene overexpression induced by acetone, such as ␣5 integrin, keratinocyte growth factor receptor, and cyclin D1, has been reported in keratinocytes as early as 30 min after acetone treatment of the cells (Farkas et al. 2003) . Acetone treatment is able to induce CYP2E1-dependent p-nitrophenol hydroxylase activity in kidney microsomes by eight-fold (Ronis et al. 1998) . It has been reported that acetone can lead to protein oxidation and lipid peroxidation through a free radical-dependent mechanism driven mainly by inducible nitric oxide synthase overexpression in mice (Stadler et al. 2008 ). The inducible CO3 overexpression by acetone merits further study on CO3Õs functional roles in response to acetone treatment.
When cycle differences between CO3 and the three reference genes were plotted against different time points for pesticide-treated samples, we observed that acetone was able to induce a major peak of CO3 overexpression at 6 h after treatment (Fig. 1A) . Similarly, permethrin at LD 10 was able to induce a major peak of CO3 overexpression at 4 h after treatment ( Fig. 2A) . However, permethrin at LD 50 and Þpronil at LD 10 or LD 50 induced several small peaks of CO3 overexpression (Figs. 2B and 3A and B) . Our results are consistent with a previous report that peaked gene overexpression of two functionally unknown genes (ENSANGG00000008492 and ENSANGG00000008537) was induced by permethrin at a sublethal dose (ϽLD 10 ) 6 h after treatment in pyrethroid-resistant Anopheles gambiae but not by carbamate insecticide (Vontas et al. 2005) .
On average, permethrin at LD 10 induced higher levels of CO3 than that at LD 50 . However, induced CO3 transcriptional levels were not signiÞcant different between the two permethrin treatments (Fig. 2C) . When Ae. aegypti were treated with permethrin at LD 100 doses, CO3 transcriptional level seemed to be lower than that in acetone-treated samples (Fig. 4B) , suggesting that higher lethal dose might cause lower expression of CO3 because of higher mortality caused by the fast acting nature of the pesticide. We also noticed that permethrin at LD 50 seemed to induce the overexpression of CO3 at an earlier time point (1 h after treatment) but at a lower level than permethrin at LD 10 . Whether the overexpression of CO3 induced by permethrin was time and/or dose dependent merits further study.
When highest transcriptional levels of CO3 at all time points induced by all four pesticide treatments were compared with each other, signiÞcant higher levels of CO3 were induced by permethrin at LD 10 compared with that by Þpronil at either LD 10 or LD 50 (Fig. 4A) . Fipronil is a phenylpyrazole insecticide that is widely used to control pests such as cockroaches and ants (Ulloa-Chacon and Jaramillo 2003, Ree et al. 2006) . The mode of action of Þpronil is by selectively binding to insect ␥-aminobutyric acid (GABA)Ð gated chloride channels and therefore blocking the inhibitory action of GABA in the central nervous system (CNS). It has been reported that Þpronil is not metabolically detoxiÞed in German cockroaches because piperonyl butoxide (an inhibitor of P450 monooxygenases) failed to increase the toxicity of Þpronil (Wei et al. 2001) . Taken together, our results suggest that the signiÞcantly higher CO3 overexpression induced by permethrin at LD 10 might play a speciÞc role in P450-mediated metabolic detoxiÞcation. Further study on the relationship of CO3 and P450-mediated detoxiÞcation will shed light on the importance of CO3 in xenobiotics detoxiÞcation and/or resistance.
